The effect the diameter of silver nanorod arrays whose distance between the nanorods was uniform at 65 nm have on Surface-enhanced Raman Scattering (SERS) has been studied by varying the diameter from 28 to 51 nm. Nanorod length was fixed at approximately 62 nm, which is the optimum length for SERS by excitation with a 632.8 nm laser line. The transverse and longitudinal modes of the surface plasmon of these silver nanorods were near 400 and 630 nm, respectively. The extinction of the longitudinal mode increased with increasing nanorod diameter, while the transverse mode did not change significantly. High-quality SERS spectra of p-aminothiophenol and benzenethiol adsorbed on the tips of the silver nanorods were observed by excitation with a 632.8 nm laser line. The SERS enhancement increased with increasing nanorod diameter. We concluded that the SERS enhancement increases when the diameter of silver nanorods is increased mainly by increasing the excitation efficiency of the longitudinal mode. The enhancement factor for the silver nanorods with a 51 nm diameter was approximately 2 × 10 7 .
Introduction
Surface-enhanced Raman Scattering (SERS) is emerging as a probing technique for biosensors due to its high sensitivity. [1] [2] [3] [4] [5] [6] [7] [8] It is known that SERS has the sensitivity to detect even single molecules. [9] [10] [11] [12] [13] [14] For such high-sensitivity detection, a very high surface enhancement -up to 10 11 -may be required. 15 It is known that a very strong enhancement is obtained from particular sites, the so-called hot spots, which may be junctions between nanoparticles. [16] [17] [18] [19] However, it is not easy to make a junction system intentionally by injecting nanoparticles to a system, especially to a bio-system. For practical application of SERS, a simple system rather than a junction system should be used. It would be ideal if single nanoparticles have enough enhancements to detect single molecules. For this, it is important to maximize the enhancement of single nanoparticles.
Silver nanowire arrays fabricated on anodic aluminum oxide (AAO) templates have been used as a substrate for SERS. 16, [20] [21] [22] [23] [24] [25] In the fabrication of nanowires using AAO templates, the diameter and length of the nanowires can be controlled easily. The length can be controlled by controlling the deposition time, and the diameter can be adjusted by depositing silver in the pores of an AAO template whose diameter has been controlled by a pore widening technique. The optical property of silver nanowires depends on their diameter and length. [26] [27] [28] When the nanowires are relatively short, two absorption bands appear due to the transverse and longitudinal modes of the dipolar plasmon. The transverse mode is parallel to the short axis of the wires and its absorption band appears in the short wavelength region; on the other hand, the longitudinal mode is parallel to the long axis and its plasmon wavelength is shifted toward red with increasing length of the nanowires. When the length becomes large, the absorption band of the longitudinal mode of the dipolar plasmon is shifted close to the infrared region and the absorption bands due to multipolar plasmons appearing in the visible region. 29 Therefore, the longitudinal mode of the dipolar plasmon of long nanowires undergoes minimal excitation by irradiation with a visible laser line. Recently, we have found that the optimum length of silver nanowires for SERS is very short. 25, 30 It is approximately 62 nm for excitation with a 632.8 nm laser line. For silver nanorods with a diameter of 31 nm and 62 nm in length, the transverse mode of the surface plasmon is near 400 nm, while the longitudinal mode is near 630 nm. The longitudinal mode is very close to the excitation laser line, while the transverse mode is far from it. By excitation with a 632.8 nm laser line, the SERS of molecules adsorbed on the tip of silver nanorods fabricated on an AAO template is mainly contributed by exciting of the longitudinal mode of the surface plasmon. In the previously reported paper, 25, 30 only the length of silver nanorods was optimized for the excitation laser line; the diameter was not optimized simultaneously. In this paper, we have studied the effect the diameter of silver nanorod arrays have on SERS while the length of the silver nanorods is optimized to the excitation laser line.
Experimental
A highly ordered porous AAO template was fabricated by using a two-step anodization technique. 31 Fig. 1 ). Each of the AAO templates deposited with silver nanorods was dipped into separate 1.0 × 10 −3 M p-aminothiophenol or benzenethiol solutions for 30 min and then their surfaces were washed with ethanol. After washing, oxide of the AAO templates were partially etched away to expose the silver nanorods deposited. This was done by dipping each template into separate 0.1 M phosphoric acid solutions at 30 o C for varying times (from 15 to 35 min) and then dried for Raman measurements after washing the surface with ethanol. Raman spectra were observed by using a micro-Raman system equipped with a homemade sample stage, a monochrometer (SPEX 500 M), and a CCD camera cooled with liquid nitrogen (Roger Scientific 7346-001 Model). The incident laser power on the sample was approximately 100 µW, and the acquisition time was 1 s. The UV-visible extinction spectrum of the silver nanorod arrays fabricated on an AAO template was measured by a diffuse reflection method using a Cary Varian 300 Bio/diffuse-reflectance kit. The fabricated templates and nanorods were analyzed by using a scanning electron microscope (SEM; Philips FEG XL (30 kV)).
Results and Discussion
The top SEM images of the silver nanorods deposited in the pores of the AAO template prepared in sulfuric acid, after partially exposing by etching away of some oxide, are shown in Figure 1 . Silver nanorods are deposited in all the pores. The surfaces are relatively unclean. This may be due to the fact that the oxide has not been etched away evenly. Also, some cracks have been formed during oxide etching. Silver nanorods exhibit a two-dimensional array with a hexagonal pattern. The distance between the center of one nanorod and the centers of the surrounding nanorods is uniform at 65 nm. The nanorod density is approximately 2.7 × 10 10 nanorods/cm 2 . The diameters of the nanorods are uniform. The diameter of the nanorods is approximately (a) 28, (b) 34, (c) 43, and (d) 51 nm. The length of all the nanorods is the same at approximately 62 nm, which is the optimum length for SERS in excitation caused by a 632.8 nm laser line. 25 The pore depth of the AAO templates was approximately 800 nm. This was much greater than the length of the deposited silver nanorods. After adsorption of molecules, oxide of the AAO templates was partially etched away to expose the silver nanorods because without etching, the SERS signal was relatively weak due to the interference of oxide.
The UV-visible extinction spectra of the silver nanorod arrays fabricated on AAO templates, measured by a diffuse reflection method, are shown in Figure 2 . In each spectrum, there are two bands near 400 and 633 nm. Since our silver nanorods are very short at 62 nm, these bands could be assigned simply: the former is due to the transverse mode of the surface plasmon and the latter is due to the longitudinal mode. 32 The transverse mode is slightly red-shifted from approximately 390 to 430 nm when increasing the diameter of silver nanorods from 28 to 51 nm. For example, it is near 430 nm for the nanorods with a 51 nm diameter, while near 390 nm for a 34 nm diameter. However, the values of extinction are very similar. The maximum position of the longitudinal mode is very close to the 632.8 nm laser line of a helium-neon laser. The extinction increases significantly with increasing diameter. The maximum position of the longitudinal mode does not change very much with increasing diameter. This may mean that the optimum length of silver nanorods for SERS does not change significantly with a change in diameter.
The SERS spectra of p-aminothiophenol adsorbed at the tip of silver nanorod arrays are shown in Figure 3 . They were measured using a micro-Raman system by excitation with a 632.8 nm laser line and in the usual way by laser beam irradiation perpendicular to the surface of the sample template placed on the sample stage. The SERS peaks correspond to the modes of a benzene ring. 33 For example, the peak at 1573 cm −1 is due to 8b and the one at 1440 cm
is due to 19b. Moreover, the peak at 1077 cm −1 is due to 7a with contributions from the C-S stretching vibration (CS). The SERS intensity increases when increasing the diameter of silver nanorods. For the peak at 1077 cm
, the intensity is approximately 650, 2300, 6700 and 16000 for the nanorods of 28, 34, 43 and 51 nm in diameter, respectively. The relative intensity is 1:3.5:10.3:24.6. However, the number of molecules measured was not the same. The molecules can be adsorbed only on the tip of the nanorods, since the nanorods are deposited in the pores of AAO templates and only the tip is exposed. It should be mentioned that oxide etching was done after adsorption. Therefore, the number of molecules adsorbed on the tips is proportional to the tip surface area, which is proportional to the square of the diameter. Here, we have assumed a monolayer adsorption, since we had washed the surface thoroughly following a relatively long adsorption. Since the diameters were 28, 34, 43, and 51 nm, the relative tip surface area of these nanorods was 1:1.47:2.36:3.32. After correcting the factor of different tip surface areas, the relative intensity becomes 1:2.4:4.4: 7.4. For all the samples, the number density of silver nanorods and the length were the same. The only difference was the diameter of the silver nanorods. However, even after dividing by the factor of different number of molecules adsorbed on the tips, the relative SERS intensity still increases with increasing diameter. Therefore, it is concluded that the SERS enhancement on silver nanorod arrays increases with increasing nanorod diameter. For our silver nanorod arrays, the distance between the center of one nanorod and the centers of the surrounding nanorods is uniform at 65 nm. As the diameter increases, the gap distance between neighboring silver nanorods decreases and the gap-to-diameter ratio decreases. Therefore, our results could be expressed as such: the SERS enhancement on silver nanorod arrays increases with decreasing gap-to-diameter ratio. A similar behavior has been observed from silver nanowire arrays, whose length is about 50 µm.
34 Also, a theoretical calculation for a similar system has been reported. 35 In this calculation, the distance between hexagonally arranged hemispheres has been fixed and changed the particle size. In this case, the enhancement increases with increasing particle size.
In the UV-visible extinction spectra, there are two bands near 400 and 633 nm (see Figure 2) . The transverse mode of the surface plasmon of silver nanorod arrays near 400 nm is slightly shifted from 390 to 430 nm when the diameter is increased from 28 to 51 nm. No significant extinction change is observed. The wavelength of 430 nm is far apart from the excitation wavelength, 632.8 nm. Therefore, the transverse mode could be hardly excited under this condition. For the longitudinal modes near 633 nm, the wavelength shows a slight change but the extinction is significantly increased when nanorod diameter is increased. If the excitation efficiency of the longitudinal mode increases with increasing nanorod diameter, the extinction of the longitudinal mode will increase. When the extinction of the longitudinal mode of silver nanorods increases, the local electromagnetic field at or near silver nanorods will increase, and consequently the SERS enhancement will increase. We have previously concluded that the SERS enhancement on silver nanorod arrays increases with increasing diameter. Therefore, it is concluded that the SERS enhancement increases by increasing the extinction of the longitudinal mode of the surface plasmon of silver nanorod arrays. However, it is not clear that how the extinction of the longitudinal mode of silver nanorods increases with increasing diameter.
For our silver nanorod arrays, the length is fixed at 62 nm and the distance between the center of one nanorod and the centers of the surrounding nanorods is uniform at 65 nm. Therefore, with increasing diameter, the volume of each nanorod increases and the surface-to-surface distance between neighboring nanorods decreases. We can consider two possible mechanisms for the extinction increase. One is that the extinction of each silver nanorod increases with increasing diameter. The volume for oscillation of the longitudinal mode in each silver nanorod would increase as diameter increases, since the length of silver nanorods was fixed at 62 nm, which is the optimum length for SERS by excitation with a 632.8 nm laser line. Therefore, as nanorod diameter increases, the amplitude of the longitudinal mode could increase and the extinction or excitation efficiency of the longitudinal mode of each nanorod could increase. The other possible mechanism is that the surface-to-surface distance between neighboring silver nanorods decreased with increasing diameter and the extinction of the longitudinal mode of silver nanorods could be increased by the interaction between silver nanorods. When silver nanoparticles of a proper size are joined or located within high proximity, the enhancement increases compared to that of isolated nanoparticles.
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The enhancement increase is known as the junction effect. However, for our silver nanorods, the closest average distance was 14 nm, since the inter nanorods distance was very uniform to 65 nm and the largest diameter was 51 nm. Even the closest distance might be too far to achieve the junction effect. If the extinction of the longitudinal mode of silver nanorods was increased somewhat by the interaction between silver nanorods, it might be due to a long-range interaction between silver nanorods. Unfortunately, under our experimental conditions, the volume of silver nanorod and the surface-to-surface distance between neighboring silver nanorods were changed simultaneously with increasing diameter. Therefore, we could not isolate the measurement of only one effect. This should be studied further theoretically and experimentally.
For our silver nanorod arrays, the aspect ratio (length to diameter) decreases with increasing diameter, since the nanorod length is fixed at 62 nm. We expect an increase in enhancement if we increase the aspect ratio via a so-called lighting rod effect. Although the aspect ratio decreases with diameter increase, our results show that the SERS enhancement on silver nanorods increases with increasing diameter when the length is fixed as the optimum length for SERS. The reason should be studied further theoretically and experimentally. The smallest aspect ratio of our silver nanorods fabricated is 1.2, since the largest diameter is 51 nm and the corresponding length is the same at 62 nm. We could not fabricate silver nanorods whose aspect ratio is smaller than 1.2 because our AAO templates whose inter-pore distance was 65 nm were ruined when the pore diameter was widened larger than 51 nm. The bottoms of our silver nanorods have a hemispheric shape, while the tops do not have a hemispheric shape (see Figure 1) . As we increased the diameter, the top of our silver nanorods became more flat. Therefore, if we could fabricate the silver nanorods with an aspect ratio of approximately 1, they may not have a spherical shape. To find the optimal shape or geometry for SERS, more experiments may be needed.
We calculated the enhancement factor by comparing the SERS intensity of benzenethiol with its normal Raman intensity of the peaks at 1000 cm -1 by using a technique similar to that reported previously. 25 The normal Raman spectrum and the SERS spectrum of benzenethiol that were obtained by using a low-magnification objective lens (10 ×) in an acquisition time of 100 s-are shown in Figure 4. [The SERS spectrum is very similar to that reported previously.
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The beam diameter was approximately 5 µm. It should be mentioned that in the measurement of the enhancement factor, we used a 10 × lens to observe the SERS and normal Raman spectra because with a high magnification lens, the laser beam does not assume a cylindrical form in the liquid sample. In such a case, it is difficult to estimate the number of molecules irradiated by the laser beam. The intensity of the SERS peak observed from the molecules adsorbed on silver nanorods of 51 nm in diameter is very similar to that of the normal Raman peak magnified 16 times. The individual cross-sectional area of benezenethiol is 0.147 nm 2 .
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Assuming that the molecules were adsorbed as a monolayer at the tip of each nanorod with a diameter of ~51 nm whose surface area is 4.08 × 10 3 nm 2 by assuming a half sphere [4 × 3.14 × (25.5 nm) ]. It should be mentioned that in the normal Raman spectrum the peak at 1000 cm -1 is the strongest and the peak at 1573 cm -1 is relatively weak, while in the SERS spectrum the peak at 1573 cm -1 is the strongest. In the normal spectrum, the peak at 1000 cm -1 is approximately 12 times stronger than the peak at 1573 cm -1 (see Figure 4(b) ). In the SERS spectrum, the peak at 1573 cm -1 is approximately 1.5 times stronger than that at 1000 cm -1 . If we consider these factors, the enhancement factor calculated by comparing the relative intensities of the peaks at 1573 cm −1 will become 2.3 × 10
7
. We also calculated the enhancement factor using the data of p-aminothiophenol shown in Figure 5 . The intensity of the SERS peak is very similar to that of the normal Raman peak magnified 170 times. The density of pure p-aminothiophenol liquid is 1.06 g/cm 3 and the individual cross-sectional area of p-aminothiophenol is 0.22 nm 2 . 37 By a similar calculation the enhancement factor is given as approximately 1.7 ×10
. Based on the data of benzenetiol, the enhancement factor calculated is approximately 2.3 ×10
. Therefore, it is concluded that the enhancement factor is approximately 2 ×10
7 . The enhancement measured may be mainly due to electromagnetic field enhancement, since p-aminothiophenol and benzenethiol have no absorption in the visible and are nonresonant molecules. It should be mentioned that our calculated enhancement value may represent the average enhancement for all the tip area of silver nanorods, since the edge and middle of the tips may have a different enhancement. The normal Raman samples were transparent, since a cell filled with the liquid samples was used in the normal Raman measurements. However, the SERS samples were non-transparent substrates with silver nanorods. Therefore, the normal Raman signals could be excited only by the incident beam, while the SERS signals could be excited by both the incident and reflected beams. This means that there was an underestimation of the normal Raman signals. Consequently, the enhancement value of 2 × 10 7 could be somewhat overestimated. However, the factor may be smaller than 2, since the reflected beam could not be stronger than the incident beam.
The SERS spectra were measured using a micro-Raman system and in the usual way by laser beam irradiation perpendicular to the surface of the sample template placed on the sample stage. The alignment of the Ag nanorods is perfectly perpendicular with respect to the surface of the template. In this case, the polarization direction of the laser beam is parallel to the short axis of the nanorods, while being perpendicular to the long axis. In this geometry, the transverse mode of the surface plasmon can be excited by irradiation, while the longitudinal mode cannot. However, it can be shown that it is possible to excite the longitudinal mode under our experimental conditions through the following reasoning. For the micro-Raman system, a lens with a very short focal length was used simultaneously to focus the laser beam and to detect the Raman signals. In this case, the edge of the laser beam would be refracted through a wide angle. 38 Part of the refracted laser beam would irradiate the nanorods at an angle. Therefore, the longitudinal mode of the surface plasmon of the nanorods can be excited, since the refracted laser beam has a polarization component parallel to the long axis of the nanorods. The evidence for this argument was discussed in detail in our previous paper.
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Conclusion
The effect the diameter of silver nanorod arrays whose distance between nanorods was uniform at 65 nm have on SERS has been studied by varying the diameter from 28 to 51 nm, while their length was fixed at approximately 62 nm, which is the optimum length for SERS by excitation with a 632.8 nm laser line. The SERS enhancement increased when Figure 5 . Comparison of the normal Raman spectrum of pure paminothiophenol liquid with its SERS spectrum adsorbed at the tip of the 51 nm silver nanorods in diameter; both the spectra were observed by excitation with a 623.8-nm laser line and using a lowmagnification objective lens (10 ×) under the same conditions. The normal Raman spectrum is magnified 170 times to normalize the intensity of the peak at 1077 cm the diameter was increased. The extinction of the longitudinal mode of the surface plasmon of silver nanorods near 630 nm increased with increasing diameter of silver nanorods, while that of the transverse mode near 400 nm was almost unchanged. It is concluded that the SERS enhancement increases with increasing diameter of silver nanorods by increasing the excitation efficiency of the longitudinal mode. The enhancement for silver nanorods with a 51 nm in diameter was approximately 2 × 10
